During exertion in the heat, Heat intolerant (HI) subjects have a physiological disability in metabolic heat dissipation. The HI state is either permanent or temporary, depending on whether it stems from transient predisposing factors or inherent thermoregulatory dysfunction. In this investigation, we studied protein levels of HSP 70 and HSP72, HSP90, BCL-2 xl, GST-p, HSF1, TAF and NFkB transcripts using Western blot and qRT-PCR, respectively, in lymphocytes of HI and tolerant (T) male volunteers of similar anthropometric features. Measurements were made from blood drawn before, during the heat tolerance test (3.5mph, 40ºC, 40 % relative humidity (R.H.), 2 hrs), and 1 hour after recovery at 24ºC. Rectal (T re ) and skin (T sk ) temperatures, as well as heart rate, were continuously recorded. Of 58 subjects, 7
Introduction
An individual variability in the ability to sustain heat stress exists whereby certain individuals are more susceptible to heat than others, and cannot sustain heat stress. When exercising in the heat, this group of "heat intolerant" (HI) individuals is characterized by an earlier and greater rise in body temperature, a greater storage of metabolic heat, and a higher physiological strain than found in heat tolerant (T) individuals. Such differences are apparent even during exercise of moderate intensity.
Heat intolerance is considered life threatening because it can lead to heat exhaustion or heat stroke and eventually to death in sportsmen, soldiers, or others engaged in heavy exertion, usually in predominantly hot climates (6, 8, 25) . The HI state is either permanent or temporary, depending on whether it stems from subjection to transient predisposing factors such as insufficient heat acclimatization, dehydration, infectious diseases, medications/drug abuse, or from an inherent dysfunction of thermoregulation (7). The latter includes individuals with a history of heat-stroke episodes as these could reflect an underlying tendency for heat susceptibility. The results of a large number of physiological studies on subjects predisposed to developing heat stroke corroborate the assumption that HI evolves from a failure of the thermoregulatory effectors for heat dissipation, possibly due to decreased heat
The abundance of studies on the protective role of heat shock proteins (HSP) and the heat shock response (HSR) the ubiquitous nature of this response, and its phylogenetic conservation, all suggest that HSPs are universal components of cell survival (2, 13, 30, 33) . Thus, the accumulating findings promote the hypothesis that perturbations in HSP-mediated cytoprotection contribute to the development of HI.
This hypothesis is further supported by the association between an aberrant expression of stress proteins and disease states (21, 35) . In certain disorders, the proteins are presented to the immune system as self-antigens, resulting in the production of autoantibodies. Within this context, Wu et al., (36, 37) reported a higher incidence of antibodies to HSP71 in heat-stroke cases than in controls, with higher titers of anti-HSP71 found in the severely affected victims. Although the differences between the control and heat-injured patients were not significant, this finding raises the question of whether HSP antibodies have the ability to downregulate HSP protection. Xiao et al., (38) reported that in a group of patients suffering from heat-induced illnesses in the spring, basal levels of HSP 70 were significantly higher than those in the control group. The author suggested that individuals with increased levels of HSP 70 could be more sensitive or could respond differently to heat and exercise in harsh environments. Both studies leave us without conclusive results as to the role of HSP in heat-stroke patients. Nevertheless, such findings lead us to hypothesize that impairment in the heat shock response is linked to HI.
The works of Sonna et al (30, 32) and others (e.g., 9, 13) about genes linked with the heat shock response increased our awareness of the need to explore molecular perturbations as a potential underlying cause of HI. Sonna et al. examined the global genomic profiles of human lymphocytes subjected to heat stress (31) and that of lymphocytes of blood drawn from heat illness victims (32). These reports confirmed that heat shock causes extensive changes in gene expression of all functional categories of the HSR, showing that the HSR is far more extensive than previously recognized from studies in cultured cells. The time-dependent cascade of changes has at least three components: 1) a heat shock response that involves elements such as HSPs (similar to that described in a variety of cell lines in vitro); 2) a response that includes a substantial number of interferon inducible genes; and 3) a small nonspecific stress response that is shared by other cell lines and stressors. An additional notable finding in these studies was the upregulation of genes encoding transcription factors, e.g., HSF1, TAF, NFkB, implying a transcriptional regulation of various pathways associated with cellular maintenance and defense (30-32, 34).
Given the findings described above, the purpose of this investigation was to determine whether the HI state coincides with impairments in gene transcription.
Based on the genomic profile described for lymphocytes obtained from heat-stressed subjects, and the transcriptome maps of stress-associated genes in the heart (9) and liver (41) of sedentary heat-stressed animals, we studied the transcription profiles of several representative genes from T and HI volunteers before, during, and after a heat tolerance test (HTT). Concomitantly, the integrative physiological responses characterizing strain indices were monitored. Our data provided evidence that the HI group showed perturbations in the levels of transcription factors and that their basal hsp 70 and hsp 90 mRNA levels were significantly higher than those of the T group.
A decreased vasomotor responsiveness of the HI subjects was recorded. Providing that the maintenance of molecular and cellular integrity under stressful conditions can "guarantee" a persistent performance of the system, our data suggest that combined sluggish vasomotor cardiovascular responses and maltranscription of genes linked to cytoprotection contribute to the evolvement of HI.
Materials and Methods

Subjects
Fifty-one healthy male volunteers, of which 11 were suspected (up to a year earlier than the present examination) as post-exertional heat stroke or dehydrated individuals, participated in the study. All subjects signed informed consent forms before participation and underwent a thorough medical examination. The study was approved by the Israel Health Ministry Committee of human genetic studies.
Anthropometric and physiological measurements
The study was performed in the winter to prevent the effects of natural heat acclimatization. The medical examination and anthropometric measurements included weight, height, and percentage of body fat. Body fat was assessed using multiple skinfold-thickness measurements performed by an experienced researcher. with the post-test weight corrected for fluid input and urine output, divided by the time of exposure. Exclusion criteria: Volunteers matching any of the following criteria were removed from the heat exposure: resting T re > 39ºC, HR > 170 bpm, nausea, weakness, dizziness, subject's request, or the decision of the physician in charge. The volunteers were instructed to rest for at least 3 days before the experiment and to drink 0.5L of noncaffeinated beverages on the night before and on each morning of the experiment to ensure body euhydration. Throughout the HTT period the subjects were allowed and encouraged to drink ad libitum.
Gene expression and protein analyses in blood lymphocyte
For gene expression and protein analyses in lymphocytes, peripheral blood samples, 3-5 ml each, were drawn (into EDTA-containing tubes) before, at the end of the HTT, and following 1 h recovery at a comfortable room temperature (24ºC).
The blood sample was diluted to a volume of 15 ml in PBS and loaded onto 10 ml TAF-GAATTCCCATAACCAGCTGATTG. The results were analyzed by the ∆Ct method, which reflects the difference in target gene threshold relative to that of β-actin in each sample (17) .
Western blot analysis
Total protein (50 µg per lane) was fractionated by electrophoresis on 12%
polyacrylamide gels under denaturing conditions (14) and transferred onto nitrocellulose membranes. The membranes were blocked for 2 h in phosphatebuffered saline (PBS) containing 5% dried skimmed milk powder, and then probed overnight at 4°C with primary antibody, diluted 1:1000. After repeated washings, the membranes were incubated for 1 h at room temperature with horseradish peroxidaseconjugated rabbit anti-mouse IgG (Jackson) diluted 1:1000. The antibodies used were mouse polyclonal anti-HSP 70 (STRESSGEN). Specific antibody binding was detected using enhanced chemiluminescence (Amersham) and visualized by exposing X-ray film to the membrane (for further details, see refs 9, and 16). The density of the scanned protein bands was calculated using TINA software (Raytest, Straubenhardt, Germany).
Statistical analysis
One-and two-way ANOVA were carried out using commercially available computer software (Sigmastat, SPPS Inc). Treatments were taken as the fixed effects, and the individual lymphocyte gene samples were assumed to be random samples from the population. Student's unpaired t-test was used for individual matched-group comparisons. The data are expressed as mean±SEM unless otherwise stated; p<0.05
were considered statistically significant.
Results
Physiological responses to heat stress
Collectively, the physical characteristics of all volunteers were as follows Fig. 1(a-c) . The differences in HR and T re , as well as the physiological strain between the two groups are clear from the onset of heat stress and throughout the entire exposure period. Both T re and HR for the HI subjects were markedly higher than in the T group, resulting in a threefold increase in their PSI. The data agree with published results (23) . Given that the T re -T sk value is indicative of body shell thermal conductivity (12), and in turn blood flow, we calculated this value as well (Fig. 2) .
Notably, the slope of the curve delineating T re -T sk vs. T re in the T group is 48%
steeper than that of the HI group, suggesting greater core-to-skin temperature gradients to allow heat dissipation ( Fig. 2 panel a) . Interestingly, the T sk flow is oscillatory and the T re -T sk oscillation frequency is faster in the T group (Fig. 2a) ,
suggesting an enhanced cardiovascular responsiveness.
Genomic responses to heat stress
The level of the stress biomarker HSP 70 was measured to determine whether the heat shock response (HSR) is different in tolerant (T) and HI subjects. Figure 3 shows that no difference was found between the T and the HI groups in basal HSP levels and levels following the HTT. After 1 h of recovery at room temperature, however, T subjects continued to synthesize HSP 70, whereas HI subjects failed to do so, and the HSP 70 levels in the latter group were significantly lower than those of the transcripts were markedly higher in HI subjects than in the T group. Whereas HSP 70 mRNA did not show a significant change upon recovery at room temperature in the HI group, HSP 90 continued to rise in both groups. The anti-apoptotic BCL 2 was upregulated at the end of the exercise bout in the T group but showed a drop among the HI subjects at that point (Fig. 4) . No change was detected in the ROS-scavenger GST-p (data not shown). Interestingly, all transcription factors-HSF1, NFkB, and TAF-were markedly upregulated in the T group but down regulated in the HI group 
Discussion
Heat intolerance is a potentially life-threatening condition, particularly in hot climates. Nevertheless, few studies have been designed to gain an understanding of the origin of heat intolerance as a congenital disorder and are confined to physiological responses. In the absence of known predisposing pathological factors, inefficient thermoregulation -possibly due to decreased heat conductance from the body core to periphery (11, 28) -and greater metabolic heat production, usually in a hot environment, are considered the major causes for this phenomenon. The recent advancements in our knowledge of heat-tolerance-linked genes (9, 13, 30-32), indicate a need to revisit our current concept of HI and to consider gene transcription malfunction as a pivotal constitutive predisposing factor. In the present investigation, HI subjects with a history of heat stroke and T subjects with similar anthropometric features were studied. Taken together, we discovered that the HI phenotype is characterized by an attenuated transcription of genes known as cytoprotective and by a sluggish vasomotor response, leading to impairments in the responsiveness of skin blood flow (SkBF) to thermal stimuli compared with that of T subjects. We therefore suggest that the heat intolerant phenotype demonstrates concomitant physiological and molecular altered functions. In the thermoregulatory hierarchy, during acute heat stress the outcome of the inducible molecular response lags behind that of the integrative response. Therefore, the inability to upregulate transcription of cytoprotective-associated mechanisms (leading to hastening of cellular thermal injuries) probably "predisposes" to heat intolerance. 
Physiological responses
Differences between the groups were apparent from the onset of heat stress.
Both T re and HR were elevated in the HI group. Although the HI group was somewhat heavier (8.2%) and had a lower VO 2max (8.9%) than the averaged values of all subjects, the differences in the physiological responses observed in our tests were related to vasomotor features, independent (and markedly greater than) of these differences. Furthermore, in a previous investigation (23) where T and HI subjects were compared, no difference in VO 2max between the two groups was observed.
However, HI subjects elevated their HR markedly faster than did T subjects during the onset of comfort tolerance test (CTT), implying cardiovascular vasomotor impairments as well. In the present investigation, the acquisition of T sk allowed us to calculate the core-to-surface temperature gradient, a value controlled by blood flow.
Two aspects of the blood flow of the HI subjects were different from those of T subjects: i) slower oscillations, and ii) lower T re -T sk increments per unit rise in core temperature. Assuming that the increase in peripheral blood flow is autonomically controlled, the data suggest that in HI subjects, the peripheral response is attenuated.
However, our data are insufficient to even begin to suggest that this change is due to a pre-or post-synaptic response. Nevertheless, similar attenuation in SkBF was reported for aged rats and humans in the heat (11, 12, 20, 22) . In older individuals, this transformation is associated with collapse, disorganization, and in some cases, a total disappearance of the vessels of the microcirculation in the dermal papillary and superficial vascular plexus (22), i.e., structural alterations leading to diminished maximal SkBF capacities in this group. Mechanistic changes underlying this agerelated decrement in SkBF (e.g., nitric oxide and axon reflexes, and inhibition of active vasodilatation) have been revealed only recently (11) . In accordance with these findings is the discovery that impairment in orthostatic tolerance during heat exposure in diabetic patients stems from endothelial dysfunction rather than neuropathy (27) .
Likewise, no change was found in old subjects in the baroreflex control of the orthostatic response (39) . The possible mechanisms for attenuated BF in HI have not yet been studied. Our data, unequivocally, support the notion that HI involves a decreased responsiveness of the peripheral vasculature. In analogy to aging, this phenomenon might be a consequence of altered endothelial function.
Genomic responses
The cellular reserves of cytoprotective proteins play a pivotal predisposing factor in the development of thermal injury. Among these proteins, the universal HSP 70 is the most extensively studied with respect to injuries induced by heat. HSPs are
protective, yet under certain conditions can behave as "danger biomarkers" and can be cytotoxic (26) . Here our finding of no difference in HSP72 levels between the groups, neither before nor during the HTT, suggests that the basal HSP level of lymphocytes per se cannot serve as an indicator of heat intolerance. In contrast to the consensus profile of the HSR, namely an elevation of the inducible HSP 70 for 24-48 hrs in tolerant populations, HI subjects studied here failed to elevate their HSP 72 kDa levels following the HTT. Furthermore, the HSP 70 transcript/protein ratio was markedly higher in the HI than in the T group (see inset Fig. 4a) . Hence, such individuals may not be protected when exposed to subsequent acute heat stress via the HSR. Accordingly, HI subjects maintained relatively stable HSP 72 transcripts, markedly higher than those of the T group, who upregulated their transcript levels over time as the experiment progressed. HSP 90 mRNA, an additional component in the HSR, showed a similar profile (Fig. 4) . In thermotolerant cells, protein synthesis is rapidly inhibited by heat stress but recovers faster than in naive heat-shocked cells, a phenomenon known as translational thermotolerance (3) . Hence, the drop in HSP for HI subjects following the HTT might be associated with disrupted synthesis. In contrast to our results in the HI subjects, exertional-heat-stroke victims studied in China during the early spring (38) showed significantly elevated inducible HSP 70 levels in their lymphocytes compared with the healthy matched group. Unfortunately, the lymphocyte HSP 70 levels of the subjects were not measured before the onset of This explanation agrees with the relative stability of HSP 90 mRNA, which is also controlled by HSF-1. The cellular induction of HSP is one successful strategy for surviving the damaging effect of stress (2, 9, 13, 19, 30, 31). Except for its protective role against proteins misfolding or denaturation and inflammation, several indications of its involvement in the maintenance of synaptic transmission have been reported (15) . Nevertheless, the awareness that heat shock causes extensive changes in the gene expression of all functional categories of the heat shock response (13, 30, 31) led us to believe that key signaling networks, other than those activated by the HSR, play a role. We therefore measured NF kappa B (NFkB) and TAF profiles in our experimental set-up. In the HI subjects, both transcript profiles resembled that of HSF-1 in this group namely a drop during the HTT and recovery period ( 
Future perspectives
Collectively, the changes observed in the expression of the transcription factors studied here lead us to conclude that HI subjects suffer from a variety of cellular and molecular perturbations, which are seen (like the physiological responses) only when challenged by exertional heat stress. The development of molecular changes takes time to become apparent in the physiological outcome. We therefore hypothesize that during heat stress, the manifestation of molecular changes lags behind physiological responses.
Nevertheless, the molecular contribution to delayed thermal injury is certain. is slower than that of T individuals (n=8). EX-120 1 hr P-EX
